1. Introduction {#sec1-micromachines-09-00471}
===============

Copper ion (Cu^2+^) is a transition metal that is critically hazardous for the fundamental physiological system of human beings. This ion and its complexes are important components in various metal--coenzyme systems and nutrients \[[@B1-micromachines-09-00471],[@B2-micromachines-09-00471]\]. As per World Health Organization (WHO) standards, the threshold limit of Cu^2+^ in drinking water is \~30 µM \[[@B3-micromachines-09-00471]\]. However, the presence of an elevated concentration of Cu^2+^ leads to gastrointestinal disturbance, liver and kidney damage, and neurodegeneration disease \[[@B2-micromachines-09-00471],[@B4-micromachines-09-00471],[@B5-micromachines-09-00471],[@B6-micromachines-09-00471],[@B7-micromachines-09-00471]\].

Therefore, numerous methods have been considered as tools for the sensitive detection and monitoring of Cu^2+^, in-vivo and in-vitro, such as inductively coupled plasma (ICP) \[[@B8-micromachines-09-00471],[@B9-micromachines-09-00471]\], near-infrared up-conversion chemodosimeters, which directly detect Cu^2+^ in vivo \[[@B10-micromachines-09-00471]\], electrochemical \[[@B11-micromachines-09-00471]\], fluorescence \[[@B12-micromachines-09-00471],[@B13-micromachines-09-00471]\], and colorimetric \[[@B14-micromachines-09-00471],[@B15-micromachines-09-00471]\]. Magnetic nanoparticle (NMP)-based magnetic resonance imaging (MRI) has also been carried out for Cu^2+^ detection \[[@B16-micromachines-09-00471]\]. There is a variety of optical platforms for heavy metal detection, such as surface plasmon resonance (SPR) \[[@B17-micromachines-09-00471],[@B18-micromachines-09-00471],[@B19-micromachines-09-00471]\], optical interferometric sensors \[[@B20-micromachines-09-00471],[@B21-micromachines-09-00471]\], and surface-enhanced Raman scattering (SERS)-based optical fiber \[[@B22-micromachines-09-00471]\]. In particular, the use of optical fiber sensors supports rapid, on-site, data-acquisition, as well as cost-effectiveness, flexibility, size compactness, and remote sensing capacity \[[@B21-micromachines-09-00471],[@B23-micromachines-09-00471]\].

Recently, label-free optical sensors with liquid-cladding modulation have been demonstrated for highly sensitive detection of analytes in a liquid phase using a multimode optical fiber without additional coatings of layers, such as plasmonic nanometer-thick metals \[[@B24-micromachines-09-00471]\]. Analyte liquid injected onto the fiber core acts as a liquid cladding of the fiber, where the original solid cladding was removed. Injection of different concentrations of liquid analyte, which have different refractive indexes, cause the waveguide numerical aperture (NA) to change across the interface between solid and liquid cladding waveguide parts. This leads optical power transmittance to change at the fiber sensor output as a function of the injected analyte concentration, forming the principle of a highly sensitive refractometer. This cladding modulated sensor platform has characteristics that show that sensitivity does not depend on the sensing length, but rather on NA changes across the interface between the two waveguides.

In this work, we demonstrate a liquid-cladding modulated fiber sensor of only 1 cm in length (much shorter than the 5-cm length in Reference \[[@B24-micromachines-09-00471]\]) that still shows a similar sensitivity in the refractive index resolution, and put this sensor platform to use for detecting heavy metal ions, such as Cu^2+^, in water by additional immobilization of ligand layers. Prior to ligand layer immobilization, we used glycerol solutions of various concentrations as test mediums to check the refractive index resolution as a refractometer and obtained an index resolution of 2.48 × 10^−6^ refractive index units (RIU). This is comparable to, or even better than, the plasmonic fiber sensor, despite its short sensor length. For Cu^2+^ detection, we functionalized the fiber core with chitosan-conjugated ethylenediaminetetraacetic acid (chitosan-EDTA) composite. We obtained a limit of detection (LOD) of Cu^2+^ of 1.62 nM with a dynamic range of 1 mM. This optical sensor device shows the potential capacity of in-situ sensitive detection of Cu^2+^ in water in a compact format.

2. Materials and Methods {#sec2-micromachines-09-00471}
========================

2.1. Materials and Reagents {#sec2dot1-micromachines-09-00471}
---------------------------

Chitosan (low molecular weight), EDTA (99%), (3-aminopropyl)triethoxysilane (APTES, 98%), isopropanol (C~3~H~8~O, 99.7%), acetic acid (C~2~H~4~O~2~, 99.7%), 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS, 98%), and copper (II) nitrate trihydrate (Cu(NO~3~)~2~.3H~2~O, 99%) were purchased from Sigma-Aldrich Co. (St Louis, MO, USA). Deionized water was produced by Biosesang Co. (Seongnam-Si, Korea). Glycerol (C~3~H~8~O~3~, 99%) was purchased from Duksan Pure Chemicals Co. (Ansan, Korea), and polydimethylsiloxane (PDMS) was purchased from Dow Corning Co. (Hemlock, ML, USA).

2.2. Fiber Sensor Surface {#sec2dot2-micromachines-09-00471}
-------------------------

A multimode optical fiber (0.37 NA, JFTLH-Polymicro Technologies, Molex, Lincolnshire, IL, USA) with fiber core/cladding diameters of 200/230 µm was stripped off the polymer cladding along a 1-cm length using a soldering machine (used to remove both the fiber buffer and the polymer cladding), followed by cleansing with a mixture of ethanol/acetone (volume-to-volume ratio of 1:3). Absence of any significant damage to or contamination of the fiber core could then be confirmed using a microscope. The fiber core of silica was modified using functionalized agents for Cu^2+^ detection, as shown in [Figure 1](#micromachines-09-00471-f001){ref-type="fig"}. First, hydroxyl groups (-OH) were generated on the fiber core surface via oxygen plasma treatment. This was done by putting a whole fiber sensor in the chamber of an oxygen plasma machine (Cute, Femto Science Inc., Hwaseong-Si, Korea) and running it for 3 min with 20 standard cubic centimeters per minute (sccm) of O~2~ gas. The surface was then immersed in APTES solution (2% APTES in isopropanol) for 24 h at room temperature to produce amine group silanization. The surface was rinsed with isopropanol and dried in a vacuum oven at 60 °C for 4 h. A chitosan solution of 0.08% was prepared by completely dissolving chitosan powder in 0.16% acetic acid solution, using a magnetic stirrer at room temperature for 24 h.

The carboxyl groups of the 0.05 M EDTA solution were activated by 0.1 M EDC and 0.2 M NHS, prior to its conjugation with chitosan. The amine-modified fiber core surface was then immersed in the prepared chitosan-conjugated EDTA at room temperature for 4 h. The chitosan conjugation was expected to enhance the chelating effects of EDTA for capturing Cu^2+^.

The final functionalization of the silica core surface was indirectly checked using an alternative silica substrate surface, onto which the same protocols for functionalization were applied, and was verified using Fourier-transform infrared spectroscopy (FTIR) (PerkinElmer, Waltham, MA, USA). [Figure 2](#micromachines-09-00471-f002){ref-type="fig"}a shows the FTIR spectrum for the silica surface of the fiber core. It was revealed that the Si-O-Si asymmetric stretching vibration mode was at 1074 cm^−1^ and the Si-O-Si bending vibration mode was at 456 cm^−1^ \[[@B24-micromachines-09-00471],[@B25-micromachines-09-00471]\]. In addition, symmetric stretching vibration mode O-Si-O was exhibited at 821 cm^−1^ and 600 cm^−1^ \[[@B25-micromachines-09-00471],[@B26-micromachines-09-00471]\], indicating the presence of all vibration-mode relevant silica. [Figure 2](#micromachines-09-00471-f002){ref-type="fig"}b shows the FTIR spectrum of the silica core surface functionalized with chitosan-conjugated EDTA. It involved silica-related modes, such as the Si-O-Si asymmetric stretching vibration mode at 1084 cm^−1^, the Si-O-Si bending vibration mode at 496 cm^−1^ and the O-Si-O symmetric stretching vibration mode at 838 cm^−1^. We also observed a broadband signal in the range of 3200--3600 cm^−1^ for the vibration mode of an OH group, which overlapped with a stretching vibration mode of N-H \[[@B27-micromachines-09-00471]\]. The out-of-plane and in-plane bending vibrations of N-H were exhibited at 680 cm^−1^ and 1566 cm^−1^, respectively \[[@B24-micromachines-09-00471],[@B28-micromachines-09-00471]\]. We observed the stretching vibration mode of a carboxyl (COOH) group at 1720 cm^−1^ \[[@B29-micromachines-09-00471]\], and the stretching vibration mode of silanol (Si-OH mode) at 926 cm^−1^, indicating the silanization of APTES on the silica surface \[[@B25-micromachines-09-00471]\]. The presence of chitosan was also confirmed by the presence of a β-1,4 glucoside bridge \[[@B27-micromachines-09-00471]\]. All the vibration modes had characteristic bands of either EDTA or chitosan.

[Figure 3](#micromachines-09-00471-f003){ref-type="fig"}a--c shows atomic force microscope (AFM) images for the morphologies of the three surfaces, i.e., the original silica surface, the subsequently APTES-treated surface, and the surface with functionalization of chitosan-conjugated EDTA added on the APTES-treated surface. It was seen that the roughness was 0.168 nm, 15.7 nm, and 63.48 nm for the three surfaces, respectively. The different roughness indicated the different nature of the surface morphology. It was also seen in [Figure 3](#micromachines-09-00471-f003){ref-type="fig"}c that there was a heterogeneity of surface morphology. This was due to the possibility of vertical stacking of chitosan-conjugated EDTA layers, as well as the horizontal covering of such layers. However, this homogeneity did not play a detrimental role in sensor performance due to its vertical dimension variation, which is still much smaller than the decay length (about 200 nm) of an evanescent light field. Scanning electron microscopy (SEM) images of the three surfaces are shown in [Figure 4](#micromachines-09-00471-f004){ref-type="fig"}a--c. The thickness of a layer of chitosan-conjugated EDTA on an optical fiber was observed to be \~125 nm (the inset image of [Figure 4](#micromachines-09-00471-f004){ref-type="fig"}c). The chemical functionalization thickness, which was much smaller than the visible wavelength, set the baseline of a refractive index as the refractometer sensing surface before injecting analyte solutions of various concentrations.

2.3. Measurement Setup {#sec2dot3-micromachines-09-00471}
----------------------

The sensor head was housed in a PDMS chamber, which allowed to feed and drain liquid (50 µL volume) via two ports, i.e., inlet and outlet under the push of a pump (SMP-21, EYELA, Clifton, NJ, USA). [Figure 5](#micromachines-09-00471-f005){ref-type="fig"} shows the experimental setup for the Cu^2+^ sensor system. A He-Ne laser (632.8 nm), used as a light source, was coupled to one end of the fiber sensor device via in-coupling optics. The light passing through the sensor head was then coupled out of the other end of the fiber and the output optical power was measured using an optical power meter (PM 100D, Thorlabs, Newton, NJ, USA) interfaced with a computer, which recorded the data.

3. Results and Discussion {#sec3-micromachines-09-00471}
=========================

3.1. Detection of Glycerol as Test Media {#sec3dot1-micromachines-09-00471}
----------------------------------------

First, as test media, we used solutions of glycerol in water with concentrations ranging from 0 to 30% (volume-to-volume ratio) to test the fiber sensor device's sensitivity. For prior determination of refractive indices of the glycerol solutions at various concentrations, we used a commercialized refractometer, an Abbe refractometer (DR-A1), which had an index resolution of 10^−4^ refractive index (RI); their measurements are shown in [Table 1](#micromachines-09-00471-t001){ref-type="table"}, with a fitting curve of *y* = 1.33314 + 0.0152. C~g~ (R^2^ = 0.99984). The fitted curve was used to convert the concentration to the corresponding refractive index.

Prior to surface functionalization with APTES/chitosan-EDTA, we measured the power transmittance response of the device, consisting of core and liquid cladding (glycerol solution, Sigma-Aldrich Co.), as we injected glycerol solutions in various concentrations. Similar to a previous report \[[@B24-micromachines-09-00471]\], we obtained a linear relationship between the glycerol concentration and the output power in a low concentration range, as shown in [Figure 6](#micromachines-09-00471-f006){ref-type="fig"}a. The mechanism of NA mismatch at the interface between the liquid cladding waveguide and the solid cladding waveguide came into play for optical power increases with increasing concentrations, as depicted in [Figure 6](#micromachines-09-00471-f006){ref-type="fig"}b. Waveguide NA = $\sqrt{n_{core}^{2} - n_{clad}^{2}}$, where *n*~core~ and *n*~clad~, were the indices of the core and cladding, respectively. When connecting two waveguides of different NAs, optical power transmittance may change. If the first waveguide NA was smaller than the second one, the optical energy transmitted without loss (full transmittance). However, when the first NA was larger than the second one, part of the optical energy was blocked across the interface due to optical mode energy redistribution under more restricted degrees of freedom, given by smaller NAs. With an increase in NA mismatch, the transmitted optical energy decreased, according to T \~(NA~2~/NA~1~)^2^ for NA~1~ \> NA~2~ where T denotes the transmittance \[[@B30-micromachines-09-00471]\]. Accordingly, under the injection of a zero concentration (deionized water), the liquid cladding waveguide had a much larger NA than that of the polymer (solid) cladding fiber waveguide, leading to a small transmittance of power. Hence, a higher concentration of injected glycerol produces a higher index liquid cladding, and decreases the NA of the liquid cladding waveguide, thus NA mismatch was reduced across the interface between the two kinds of waveguide parts. As shown in [Figure 6](#micromachines-09-00471-f006){ref-type="fig"}a, this led to an optical power increase with increasing glycerol concentration near zero. As concentration rose beyond zero, the power decreased modestly due to the evanescent field absorption, which became significant with increasing concentrations, as shown in [Figure 6](#micromachines-09-00471-f006){ref-type="fig"}a \[[@B24-micromachines-09-00471]\].

It was found that the lowest detectable concentration of glycerol was 3.5 × 10^−3^%, which corresponded to the minimum resolvable refractive index of 2.48 × 10^−6^ RIU. This sensitivity was comparable to, or even better than, those obtained using plasmonic fiber sensors \[[@B31-micromachines-09-00471],[@B32-micromachines-09-00471],[@B33-micromachines-09-00471],[@B34-micromachines-09-00471],[@B35-micromachines-09-00471]\]. The fact that the sensitivity, which was also of the same order of magnitude as that found in Reference \[[@B24-micromachines-09-00471]\], confirmed that the sensor length was not the most important factor for the sensitivity in this kind of sensor device.

3.2. Detection of Cu^2+^ {#sec3dot2-micromachines-09-00471}
------------------------

Prior to Cu^2+^ detection using the presented fiber sensor device, we checked the indices of the prepared Cu^2+^ solutions, with concentrations from 0 to 2 mM, using a commercialized Abbe refractometer. It was noted that, below a concentration of 100 µM, the refractive indices of Cu^2+^ solutions could not be resolved (not distinguishable from DI water) due to the limited resolution of 10^−4^ RIU.

We employed the presented fiber sensor device with chitosan-conjugated EDTA functionalized on its surface for Cu^2+^ detection at various concentrations. The time-to-data acquisition at a single concentration was about 7 min. We rinsed the sensing surface with DI water to remove non-specific bonding (non-ligand related bonding) before each concentration injection. It was noted that, at each Cu^2+^ concentration injection, the total concentration of Cu^2+^ injected onto the surface needed to be estimated in the aggregate, including those injected precedingly.

As shown in [Figure 7](#micromachines-09-00471-f007){ref-type="fig"}, it was revealed that the sensor output power drastically increased with increasing concentrations of Cu^2+^ in its low concentration range. This feature greatly favored ultrasensitive detection of low concentrations of Cu^2+^. Chitosan-conjugated EDTA, which produced strong multi-dentate ligands with enhanced chelating effects, permitted Cu^2+^ to be captured effectively enough for the effective surface index to increase. The consequent complexes of coordinate bonds with Cu^2+^ reduced the NA mismatch at the interface between the two waveguide parts with increasing Cu^2+^ concentrations. At about 10 μM, the output power increase began to saturate, reflecting an effective rise in the liquid cladding index to saturate due to the limited interaction dimensions (a few hundred nanometers in surface normal) between Cu^2+^ and evanescent electromagnetic fields, which decayed in the cladding region from the sensing surface. Unlike the glycerol measurement results, injection of higher concentrations of Cu^2+^ showed no decrease in output power, indicating little absorption of evanescent light by the coordinate bond complexes with Cu^2+^ in the liquid cladding region.

We obtained a dynamic range of 1 mM and a LOD of 1.62 nM (104 ppt) for Cu^2+^ detection in water, which was much lower than the WHO standard (30 µM) for drinking water (LOD was defined as the concentration corresponding to three-times the standard deviation of a blank signal). This LOD was also lower than, or comparable to, recently reported sensors, such as the colorimetric sensors (0.02 µM) \[[@B36-micromachines-09-00471]\], the fluorescence sensors (6 nM, 50 nM) \[[@B37-micromachines-09-00471],[@B38-micromachines-09-00471]\], and colorimetric/fluorescent sensors (0.73 nM) \[[@B39-micromachines-09-00471]\]. It should also be mentioned that use of the chitosan-conjugated EDTA did not permit its reusability for this sensor, nor distinguishability of Cu^2+^ from other heavy metal ions. Nevertheless, the presented liquid-cladding fiber sensor showed a great capacity for heavy metal detection, such as Cu^2+^, in the aqueous phase, being able to be used as a powerful tool for in-situ, highly-sensitive detection of heavy metals in an environment, in a compact format.

4. Conclusions {#sec4-micromachines-09-00471}
==============

We demonstrated a liquid-cladding-modulated, optical-fiber sensor for Cu^2+^ detection. Analyte in the liquid phase injected onto the core surface of an optical fiber that was formerly stripped off its polymer cladding acts as liquid cladding in the fiber sensor head. Different concentrations of analytes change the waveguide NA. This caused a change in optical power transmittance through the interface between the liquid cladding and the solid cladding guided parts, forming the mechanism for a highly sensitive refractometer. We demonstrated a minimum resolvable refractive index of 2.48 × 10^−6^ RIU with this liquid cladding fiber sensor. Chitosan-conjugated EDTA was further functionalized on the fiber core surface to enhance the chelating effects to capture Cu^2+^ more effectively. We achieved a dynamic range of 1 mM and LOD of Cu^2+^ of 1.62 nM (104 ppt), which was encouragingly low, showing the capability of in-situ, highly-sensitive detection of heavy metal ions, such as Cu^2+^, in water, in a compact device. Further optimization may include the use of a separate reference signal to monitor the signal power noise and to subtract the noise properties from the signal noise for enhancing the LOD of the sensor, which relies on optical power measurements.
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![The functionalization of ethylenediaminetetraacetic acid (EDTA) -chitosan on silica surface: (**a**) hydroxyl group (-OH) generated on silica core surface by an oxygen plasma; (**b**) the amine group created via the silanization with (3-aminopropyl)triethoxysilane (APTES); (**c**) the EDTA-chitosan layer self-assembled through amine-carboxyl bonding.](micromachines-09-00471-g001){#micromachines-09-00471-f001}

![Fourier-transform infrared spectroscopy (FTIR) spectra of: (**a**) Silica substrate; (**b**) chitosan-conjugated EDTA treated silica surface.](micromachines-09-00471-g002){#micromachines-09-00471-f002}

![Atomic force microscope (AFM) image of (**a**) silica surface; (**b**) APTES-treated silica surface; (**c**) surface functionalized with chitosan conjugated EDTA.](micromachines-09-00471-g003){#micromachines-09-00471-f003}

![Scanning electron microscopy (SEM) images of (**a**) optical fiber core; (**b**) fiber core treated with APTES; (**c**) fiber core/APTES functionalized with chitosan conjugated EDTA (the inset image is a part of fiber cross-section that contains parts of immobilized layers and the fiber core).](micromachines-09-00471-g004){#micromachines-09-00471-f004}

![Experimental setup for the fiber-based sensor system.](micromachines-09-00471-g005){#micromachines-09-00471-f005}

![(**a**) Fiber sensor output power with varying concentrations of glycerol (0 to 30% *v*/*v*). (**b**) The interface of the two waveguide domains and the numerical aperture (NA) mismatch between the two.](micromachines-09-00471-g006){#micromachines-09-00471-f006}

![The fiber sensor device output power vs. Cu^2+^ concentrations (0 to 2 mM) with APTES/chitosan-EDTA functionalization on the surface.](micromachines-09-00471-g007){#micromachines-09-00471-f007}

micromachines-09-00471-t001_Table 1

###### 

The refractive indices measured for various glycerol concentrations (C~g~).

  C~g~ (% *v*/*v*)   0        0.005    0.01     0.05     0.1      0.5      1        5       10       20       30
  ------------------ -------- -------- -------- -------- -------- -------- -------- ------- -------- -------- --------
  RI (a.u.)          1.3331   1.3331   1.3332   1.3333   1.3334   1.3336   1.3346   1.341   1.3479   1.3634   1.3785
